IntroductIon 1 Department of chemistry and research institute for natural sciences, hanyang university, seoul, republic of Korea. 2 Department of chemistry and biochemistry and the institute of biomedical studies, baylor university, Waco, tX, usa. 3 Department of chemistry, Division of nano sciences, ewha Womans university, seoul, republic of Korea.
T he gram-positive bacterium bacillus anthracis is the causative agent of anthrax. a transporter and toxins assemble at the surface of mammalian cells to form noncovalent complexes, which are then internalized and serve to deliver the toxins to the cytosol. protective antigen (pa), an 83 kDa protein, bind to anthrax toxin receptors that are present on the surface of mammalian cells. protective antigen is then cleaved by the protease furin or furin-like proteases into 2 fragments: a 63-kDa c-terminal fragment (pa63) and a 20-kDa n-terminal fragment (pa20), where pa63 remains bound to the anthrax toxin receptors and pa20 is released through cleavage at the cell surface. 1 the dissociation of pa20 permits pa63 to form a heptameric or octameric complex that binds to either or both of the toxins, edema factor (eF), and lethal factor (lF). the resulting heterooligomeric complexes are then endocytosed and trafficked to an endosomal compartment. 2 the low ph environment of the endosome triggers a conformational change in the heptamer or octamer that allows the translocation of the eF and lF into the cell cytosol. 1 in the cytosol, eF is a calmodulin-dependent adenylate cyclase that increases the levels of camp stimulating the enzymatic activity of calcium-triggered signaling, thereby inhibiting the immune response, and lF is a metalloprotease that is able to kill macrophages or induce macrophages to overproduce cytokines in a way that causes the death of the host. 1 the rapid and sensitive detection of anthrax is of paramount importance not only for human health but also for the establishment of homeland security against bioterrorism. the secreted proteins (pa, lF, and eF) as well as a spore form of B. anthracis can serve as a potential biomarker. current detection of anthrax includes the use of europium nanoparticles 3 and of square wave voltammetry 4 ; however, the most common detection method of protein targets occurs through an antibodybased enzyme-linked immunosorbent assay (elisa). 5 the problem with this method is that the antibodies used exhibit sensitivity to temperature variation, undergo irreversible denaturation, and have limited lifetimes. systematic evolution of ligands by exponential enrichment (seleX) is a technology using a random pool of materials to select what tightly bind to or to inhibit target molecules such as proteins, peptides, dyes, amino acids, and drugs. 6,7 the seleX process can provide a rapid isolation of high binding oligonucleotides to the targets from random oligonucleotides. the binding oligonucleotides are referred to as aptamers, which have several advantages over antibodies. For example, the aptamers are easy to synthesize, simple to chemically modify, are minimally immunogenic and small in size, and do not require animals for synthesis. because of these advantages, the development of aptamers as therapeutic, diagnostic, and analytical reagents becomes significant. 6, 7 consequently, aptamerbased analytical methods provide a new alternative way for the detection of virulent toxins.
in this study, we used the seleX technique to find singlestranded Dna (ssDna) aptamers for pa63, which will result in the detection of anthrax. given pa63 is the key protein for assisting the internalization of lF and eF, the detection of pa63 would be of central importance to discovering early toxin release. binding affinity and specificity of the aptamers were quantified by dissociation constant (K d ) measurements. an elisa method was established to visualize binding to pa63. in addition, computational analysis was performed to predict secondary structures that may contribute to the binding site for pa63.
mAterIALS And metHodS

Construction of plasmid for PA63 protein
the plasmid pet28a-pa63 was constructed by polymerase chain reaction (pcr) using previously constructed pet22b-pa83 8 as a template. the pa63 was cloned into pet28a at Bamhi and Hindiii sites, and the cloning was confirmed by Dna sequencing.
Expression and purification of PA63
the expression plasmid was transformed into Escherichia coli bl21(De3) using the heat shock method. transformed bacteria were grown at 37°c in luria-bertani (lb) medium containing 100 µg/ml kanamycin until the optical density (oD) at 600 nm of the culture reached 0.7. expression of pa63 was induced by the addition of 0.5 mm isopropyl-β-D-thiogalactoside (iptg) and maintained overnight at 18°c. since pa63 is insoluble, purification was done under denaturing conditions with on-column refolding as reported previously. 8 the purity of pa63 was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (sDs-page).
proteins were visualized with coomassie blue r-250 strain and sizes were estimated with protein standards. approximately 1.0 mg of pa63 was obtained from 1 l of lb medium culture.
Preparation of single-strand DNA library
a 60-base single-stranded Dna library containing 30 bases of randomized sequence (n) 30 5′dgcgcggatcccgcgc(n 30 ) cgcgcgaagcttgcg3′ was obtained from iDt, inc. (coralville, ia). this template Dna library was amplified by pcr with the corresponding primers: a forward primer 5′biotingcgcggatcccgcgc 3′ with Bamhi site and a reverse primer 5′dcgcaagcttcgcgcg 3′ with Hindiii site. to obtain ssDna, we used the previously established method. 9 a 6 m urea polyacrylamide gel was used to separate the biotinylated ssDna from the amplified Dna, which was incubated with streptavidin (purchased from neb, inc., ipswich, ma) in a way that binds to the biotinylated ssDna. the complex of the biotinylated ssDna and streptavidin migrates much slower in the urea gel than the other strand of ssDna that does not contain biotin. the lower Dna band that does not contain the complex of biotin and streptavidin was excised from the gel to obtain ssDna using a crush-and-soak method, 10 followed by ethanol precipitation. the lower Dna band, corresponding to the antisense strand generated by reverse primer, was chosen to avoid any possibility that the biotin attached to the other strand could affect the binding of the oligonucleotide to pa63.
In vitro selection
the selection of pa63 binding ssDna aptamers was obtained using a membrane filtration method with ultrafiltration (a 100-kDa cutting membrane containing microcon; millipore, billerica, ma) and a micro high-speed refrigerated centrifuge (micro 17, hani science, seoul, Korea). pa63 was incubated with 10 mm tris-hcl (ph 8.0) for 30 min at room temperature with varied ssDna concentrations and at various time periods (table 1) . centrifugation was carried out to remove unbound Dna through ultrafiltration (12,000 rpm for approximately 1 min). the Dna participating in complex formation were amplified by pcr with nonbiotinylated primers and loaded on a 2.5% agarose gel to confirm the presence of Dna and to remove any side products that may be generated by pcr. the extracted Dna was amplified with biotinattached forward primer to separate ssDna on the urea gel as described above. this process was repeated 8 times with varying conditions aimed at increasing the specificity of the ssDna for the target protein (table 1) .
Cloning and sequencing
after 8 rounds of the seleX process, the final ssDna was amplified by pcr, and products were purified using the crushand-soak method. ligation was carried out with the plasmid pet28a (novagen, madison, Wi) and the ssDna, both of which were treated with Bamhi and Hindiii. after E. coli Dh5alpha transformation with the ligated plasmids, several colonies were picked and sequenced using a t7 terminator primer.
Determination of dissociation constants (K d )
to obtain fluorescently labeled aptamers, pcr was carried out using a biotinylated forward primer and cy3-attached reverse primer. a 6 m urea-polyacrylamide gel was used to separate cy3-attached ssDna from the other biotinylated ssDna that forms a complex with straptavidin after a 30-min incubation period. the cy3-attached ssDna was obtained from the gel using a crush-and-soak method. a fixed concentration (0.5 µg/well) of 90 µl pa63 protein was incubated with 20 mm hepes (ph 7.4) for 30 min at room temperature and was loaded onto a 96-well black immunoplate (spl, Kyounggi-do, south Korea) and incubated for 1 h with shaking to immobilize pa63 on the plate. Wells containing pa63 were washed with 90 µl tris-buffered saline tween-20 (tbst), containing 0.5 m tris base, 9% nacl, and 0.5% tween-20 (ph 8.4), 3 times and incubated with 90 µl of 2% bovine serum albumin (bsa) for 1 h. tbst was again used to wash the wells 5 times. the ssDna (90 µl) was added to wells in the 96-well plate at various concentrations and incubated for 1 h with shaking. excess ssDna was removed by washing with 90 µl of 20 mm hepes (ph 7.4) 3 times. Finally, the ssDna:pa63 complex was placed in 90 µl of 20 mm hepes (ph 7.4). the fluorescent intensities of the cy3-attached ssDnas were measured by a molecular Devices (sunnyvale, ca) gemini em fluorescence microplate reader (excitation: 545 nm; emission: 572 nm).
Determination of dissociation constants (K d ) using ELISA method
the dissociation constants (K d ) were also determined using an elisa method for pa63. a biotin-labeled aptamer and streptavidin horseradish peroxidase (hrp) antibody were used for this method. to obtain the biotin-labeled aptamer, asymmetric pcr was carried out with a forward primer (10 µm) and a biotinylated reverse primer (100 µm). six percent native-page was used to separate biotin-bound ssDna from the unbound ssDna according to different migrations on the gel. the biotin-attached ssDna was obtained from the gel using a crush-and-soak method. pa63 protein was incubated with 20 mm hepes (ph 7.4) for 30 min at room temperature to allow oligorimerization formation. a fixed concentration (0.5 µg/well) of 90 µl pa63 in 20 mm hepes (ph 7.4) was loaded onto a 96-well polystyrene plate (spl) and incubated for 1 h with shaking. Wells containing pa63 were washed with 90 µl tbst 3 times and incubated with 90 µl of 5% skim milk for 1 h. the wells were then washed 5 times with tbst. biotinylated ssDna (90 µl) was added to the wells at various concentrations and incubated for 1 h with shaking. excess ssDna was removed by washing with 90 µl tbst 3 times. then, 90 µl streptavidin hrp (1:1000 in tbst; bD biosciences, Franklin lakes, nJ) was added to the individual wells and incubated for 1 h with shaking. after washing with 90 µl tbst 3 times, a colordeveloping reaction with 90 µl tmb substrate solution (3,3′, 5,5′-tetramethyl benzidine; r&D systems, minneapolis, mn) was carried out. after 15 min, the reaction was terminated with the addition of 90 µl of 1m h 2 so 4 , and the optical densities were measured with the biotrak multiwell plate reader (amersham biosciences, piscataway, nJ) at 450 nm.
Determination of specificity
to determine the specificity, selected cy3-attached ssDna aptamers were obtained by pcr and urea-page. selected aptamers were tested for their ability to bind bsa and bovine serum (invitrogen, carlsbad, ca), and binding specificity was tested with bsa and bovine serum versus pa63. the specificity assay was conducted using a 96-well black immunoplate (spl). then, 1 µg of 90 µl proteins in 20 mm hepes (ph 7.4) was loaded into each cell on the black immunoplate and incubated for 1 h with shaking. Wells containing protein were washed with 90 µl tbst 3 times and incubated with 90 µl of 5% skim milk for 1 h. tbst was again used to wash the wells 5 times. then, 90 µl of 20 mm hepes (ph 7.4) ssDna was added to the wells at fixed concentrations (100 nm) and incubated for 1 h with shaking. excess ssDna was removed by washing with 90 µl of 20 mm hepes (ph 7.4) 3 times (note that we used hepes buffer in place of tbst). Finally, 90 µl of 20 mm hepes (ph 7.4) was added to the wells containing the ssDna:pa63 complex. the fluorescent intensities of the cy3-attached ssDnas were measured with a molecular Devices gemini em fluorescence microplate reader (excitation: 545 nm; emission: 572 nm).
Prediction of secondary structure
secondary structure analysis of candidate aptamers was performed by free-energy minimization using the m-fold program. 11 reSuLtS And dIScuSSIon anthrax pa63 protein was purified as a target to obtain aptamers from a random ssDna library using in vitro seleX. the starting library was composed of a 60-bp-long oligonucleotide ssDna containing a 30-bp randomized oligonucleotide insert flanked on either side by different 15-bp primer sequences. to increase binding affinity and specificity, nacl was added to the incubation solution after the fifth round (table 1) of the in vitro selection. after the eighth round of the in vitro selection, we picked up 15 colonies and had all of them sequenced. We found a total of 10 successful sequences and acquired 4 independent inserts; we call these 4 aptamers bh-1, -2, -3, and -4 ( table 2) . it should be noted that the same sequence contents were observed in different colonies. For example, in the aptamer bh-3, we found the bh-3 nucleotide sequence 7 times, whereas other aptamer sequences appeared only once.
the K d values of the 4 different aptamers were determined using fluorophotometry. binding reactions were performed with a constant concentration of pa63 as the target in a 96-well black plate and varied concentrations of each cy3-attached aptamer. after several washing steps (see materials and methods), the pa63 protein-bound aptamers were measured with fluorescent readings and plotted against the aptamer concentration used in the binding reaction ( Fig. 1) . the K d values were obtained from nonlinear fitting of the saturation binding curve. the determined K d values of the 4 aptamers were all within the nanomolar range (table 2). these results suggest that all aptamers are good candidates for detecting pa. in particular, the K d values of bh-2, -3, and -4 are in the low nanomolar range, whereas bh-1 has a higher K d value (38.17 nm). these low K d values suggest that oligonucleotides can be an effective detector of pa. Furthermore, seleX technology appears to be a reliable tool for generating molecules that detect macromolecules. in a previous study to find a detecting material using seleX, tang et al. 12 determined that ssDna aptamers bind to a target protein, abrin toxin, with K d values between 28 and 130 nm.
We developed an elisa method to visualize the binding between pa and aptamers. in this method, pa63 was immobilized on a plate, and then the individual aptamer was added in a concentration-dependent manner (see materials and methods). color development using the tmb reaction coupled with hrpconjugated proteins containing streptavidin proved to be successful. in this method, the aptamers were used to detect pa in place of antibodies; antibodies are the typical molecule used for detecting targets in the elisa method ( Fig. 2A) . Figure 2B shows the results of the aptamer-based elisa method. the data clearly reveal that as the aptamer concentration increased, the intensity of the color increased. We also quantified color intensity to determine K d values. the quantitative values fit well into a single-substrate binding equation, which was used to determine the K d value by a direct interaction between an aptamer and pa63. however, the K d values obtained by elisa were higher than the values obtained by the cy3 fluorophore detection method. the high K d values obtained through the elisa method FIg. 1. Determination of binding affinities. the binding affinity of each aptamer was estimated by measuring the binding constant as described in materials and methods. binding reactions were performed with a constant concentration of pa63 heptameric protein in a 96-well black plate as the target and varied concentrations of each cy3-attached aptamer (0-1000 nm). after several washing steps, the pa63 protein/bound aptamers were measured with fluorescent readings and plotted against the aptamer concentration used in the binding reaction. these data are representative of 1 of 3 independent experiments, and the binding affinity, which was measured as K d , was obtained from nonlinear fitting of the saturation binding curve.
can be explained by the fact that the elisa method needs more binding steps to visualize the detection; for example, the elisa method requires the hrp-conjugated streptavidin step, but this step is not necessary in the cy3 fluorophore detection method. We previously employed a similar elisa method to detect proteins using oligopeptides and obtained reliable binding affinity results, 13 supporting the proposal that this elisa method is useful in visualizing aptamers binding to a target protein.
the determination of aptamer specificity for pa63 is of keen interest because these aptamers can be used as detecting materials. We attempted to determine aptamer specificity using the aptamer-based elisa method by comparing the binding of the aptamer to pa63, bsa, and bovine serum. in particular, we used bovine serum because the serum more closely mimics physiological conditions. prior to measuring the binding with bsa and bovine serum, as control experiments, 5% skim milk was used in the elisa method to test whether the skim milk binds to the found aptamers; unlabeled aptamers were also used to check whether any signals could be detected. it was found that no noticeable detection against 5% skim milk and unlabeled aptamers was observed. next, we tested the binding specificity with bsa and bovine serum. although we were unable to obtain binding specificity for bh-1 and bh-3 because both bh-1 and bh-3 were able to bind bsa and bovine serum just as well as pa63, bh-2 and bh-4 displayed exquisite binding specificity against bsa and exhibited reasonably good binding specificity against bovine serum, as shown in Figure 3 . these results suggest that we may use the aptamers bh-2 and bh-4 as detecting materials for pa.
to further explore the 2 aptamers that exhibited a low nanomolar range binding affinity with specificity, we hypothesized that the binding sites of the aptamers would be predicted by in silico analysis if the computer program could predict secondary structures. to investigate this possibility, the computer program mFold was used to predict secondary structures. 11 although we were unable to acquire a secondary structure of bh-2 with a negative free energy during in silico analysis, the program was able to display a stem-loop secondary structure of bh-4 with a free energy of -2.34 kcal/mol, where the sequence containing the 8-residue ssDna (8-mer) was 5′-d(ccgtaagg)-3′ ( Fig. 4) . We determined the K d value of the 8-mer with a predicted free energy of -0.69 kcal/mol. measuring the fluorescent intensity of the cy3-attached 8-mer, the K d value was determined to be 1.99 ± 1.5 nm, which lines up with values obtained for bh-2. With this observation, the 8-mer appeared to be responsible for binding sites. Yet, when we attempted to determine the binding specificity, the 8-mer could bind to bsa just as well as pa63. in addition, the 8-mer binding to pa63 was only 2 times better than to proteins in bovine serum. these results indicate that the 8-mer is not specific in some way, unlike the 30-residue ssDna sequence (30-mer) of the aptamers. this observation suggests that a large portion of the 30-mer may contribute to pa63 binding or that the secondary structure prediction is insufficient in identifying the binding sites of the nucleotide aptamer. For example, schultze et al. 14 demonstrated that the binding of an aptamer for the protein, thrombin, was explained by the 3-dimensional structure of the aptamer. Further study is necessary to improve our understanding of the binding sites for our found aptamers.
in conclusion, we demonstrated the production of aptamers that specifically bind to pa63 using seleX technology. the measurement of K d values by fluorophotometry revealed that aptamers tightly binding to pa have K d values within a low nanomolar range. in addition, we demonstrated that detection of the target protein can be visualized using the aptamer-based elisa method, which can be added to a repertoire of protein detection methods. the observation that two aptamers can bind to pa specifically against bovine serum within similar physiological conditions reflects the possibility for the application of aptamers in bacterial B. anthracis detection. in addition, this aptamer-based detection method can be globalized as an oligonucleotide-based biosensor of specific protein biomarkers. Furthermore, discovery of aptamers against pa63 could contribute to overcoming the problems present in current detection methods, such as antibody instability, and thus may advance public health and homeland security against anthrax threat. in a future investigation, we want to enhance our knowledge of the protective antigen was prepared and placed on a plate (polystyrene; spl, Kyounggi-do, south Korea), and biotinylated aptamers were added. horseradish peroxidase (hrp)-conjugated streptavidin was then added, followed by the addition of tetramethyl benzidine (tmb). to quench the reaction, a strong acid (h 2 so 4 ) was added. Details on this process are described in materials and methods. (B) aptamer-based elisa with increasing aptamer concentration. pa, protective antigen. 
